Biophysical cues can potently direct a cell's or tissue's behavior. Cells interpret their biophysical surroundings, such as matrix stiffness or dynamic mechanical stimulation, through mechanotransduction. However, our understanding of the various aspects of mechanotransduction has been limited by the lack of proper analysis platforms capable of screening three-dimensional (3D) cellular behaviors in response to biophysical cues. Here, we developed a dynamic compression bioreactor to study the combinational effects of biomaterial composition and dynamic mechanical compression on cellular behavior in 3D hydrogels. The bioreactor contained multiple actuating posts that could apply cyclic compressive strains ranging from 0 to 42% to arrays of cell-encapsulated hydrogels. The bioreactor could be interconnected with other compressive bioreactors, which enabled the combinatorial screenings of 3D cellular behaviors simultaneously. As an application of the screening platform, cell spreading and osteogenic differentiation of human mesenchymal stem cells (hMSCs) were characterized in 3D gelatin methacryloyl (GelMA) hydrogels.
Introduction
Cellular behaviors are continuously regulated by biochemical and biophysical stimuli [1] [2] [3] . Biochemical stimuli, such as growth factors, have been shown to play a pivotal role in the development and regeneration of tissues and organs 4, 5 , and cell fate decisions can also be regulated by the stiffness of the extracellular matrix (ECM) [6] [7] [8] . In addition, cells can sense and respond to externally applied mechanical stimuli through mechanotransduction, which regulate cellular behaviors including cell adhesion, proliferation and differentiation 9, 10 . A variety of biomaterials with tunable biochemical and physical properties have been developed to mimic microenvironments of native tissues. However, identifying microenvironmental conditions optimal for specific tissue engineering and regeneration applications through conventional approaches remains challenging [11] [12] [13] [14] . Recently, medium to high-throughput platforms have been introduced as promising strategies to screen the effects of biochemical and biophysical factors on cellular behaviors 15 . It is possible for these platforms to contain arrays with distinct and isolated microenvironments, allowing simultaneous screening of a large number of conditions while requiring only a small amount of materials. Despite the advances in medium to high-throughput technologies, current platforms have mostly focused on screening cellular behaviors in two-dimensional (2D) microenvironments under static culture conditions [16] [17] [18] [19] . Cellular responses in three-dimensional (3D) microenvironments are expected to more closely mimic responses in native tissues [20] [21] [22] . Therefore, arrays of 3D cell-laden biomaterials represent a powerful tool to assess the role of matrix properties and soluble biochemical signals on cellular behavior. In addition, externally applied mechanical stimuli, such as tension, compression, hydrostatic pressure and shear stress, can affect 3D cell behaviors. For example, application of cyclic compression has been reported to promote cell differentiation 23, 24 and increase ECM synthesis 25 in bone and cartilage tissue engineering 4 approaches. The influence of mechanical stimulation on cell behavior is often a function of both matrix properties and the soluble biochemical milieu 26, 27 . However, the combinatorial effects of different dynamic compressive strains and biomaterial composition on stem cell differentiation in 3D is not fully understood, only few platforms have been developed to screen mechanical stimuli on 3D culture systems [28] [29] [30] [31] [32] [33] . Moraes et al. engineered a microfluidic screening platform that can apply different compressive strains to cell-laden poly(ethylene glycol) (PEG) hydrogel arrays 28 . Recently, Liu et al. fabricated deformable membrane platform to apply dynamic tensile strains to 3D human mesenchymal stromal cellladen PEG hydrogel arrays 29 . Similarly, Li et al. reported a magnetically actuating hydrogel array platform to apply static tensile strains to cells cultured in 3D matrices 30 . Although the aforementioned platforms could be used to screen 3D cell behaviors under different mechanical strains, the capability of a platform to screen the synergistic influences of different dynamic compressive strains and various biomaterial compositions under continuous perfusion of culture media has not been demonstrated.
In this paper, we have developed a bioreactor that can apply cyclic compressive strains to 3D cell-laden hydrogel arrays. Human mesenchymal stem cell (hMSC)-encapsulated gelatin methacryloyl (GelMA) hydrogel arrays were photocrosslinked onto mechanically actuating posts, which can be operated by gas pressure. The actuation of posts enabled individual control over the compressive strains across each 3D hydrogel. The frequency and magnitude of compression could be precisely adjusted by changing applied gas pressure and device parameters of the bioreactor. Multiple bioreactors containing different hydrogel compositions could be connected to each other, which enabled combinatorial screening of 3D cellular behaviors in response to biomaterial and compressive strain combinations. As a proof of principle, cell spreading and osteogenic differentiation of hMSCs with different concentrations of GelMA and compressive strains were screened. Cell 5 spreading and differentiation in 3D were investigated using cellular imaging, biochemical analysis, gene expression analysis, and histological analysis. The interconnectable dynamic compression bioreactor enabled the combinatorial screening of microenvironments with mechanical stimuli under continuous perfusion, which can be potentially used as advanced screening platform for biomaterials and drug discovery applications.
Results and Discussion

Fabrication and characterization of interconnectable bioreactors.
Interconnectable bioreactors for 3D combinatorial cell behavior screening were fabricated as illustrated in Figure 1a . The bioreactor was composed of three different layers: a nitrogen gas (N 2 ) pressure chamber, a media chamber, and a glass substrate.
Polydimethylsiloxane (PDMS) was used to fabricate the media and N 2 pressure chambers due to its excellent flexibility and biocompatibility 34, 35 . The N 2 pressure chamber layer was composed of cylindrical chambers connected by channels to apply N 2 pressure through a single pressure inlet. The media chamber was composed of posts and sidewalls on a thin PDMS membrane. The heights of sidewall and post were 3 and 1.5 mm, respectively. The bioreactor was assembled by plasma bonding the two PDMS layers and a glass substrate together, which was followed by the incorporation of polytetrafluoroethylene (PTFE) connectors. Here, a 3-(trimethoxysilyl) propyl methacrylate (TMSPMA) treated glass was used to provide long-term adhesion stability of the hydrogel arrays during dynamic compression 36 . To pattern the hydrogel array, GelMA prepolymer solution with hMSCs was injected into the media chamber and selectively photocrosslinked onto the posts by using UV light and a photomask. Notably, the uncrosslinked prepolymer solution could be removed from the device and re-injected into other bioreactors; this effectively minimized material consumption. A single bioreactor contained 16 samples, and a stack of bioreactors could be 6 interconnected for the combinatorial screening of 3D cellular behaviors (Figure 1b,c) . When the gas pressure was applied through the N 2 pressure chambers, the PDMS membrane with posts was deflected upward due to membrane stretching. This allowed for the vertical displacement of the posts to apply compressive strains across cell-laden hydrogel arrays. Figure 1d shows photographs of actuating posts with different applied gas pressures (14 -42 kPa) and chamber diameters (5 -8 mm) . The displacement of the posts could be modulated by changing the N 2 pressure chamber diameter and the applied gas pressure. To determine the displacement of actuating posts when gas pressure was applied, the displacements of posts were measured from the side view by varying the PDMS membrane diameter and applied gas pressure. The compressive strain, the ratio between displaced distance of post and the initial distance between the glass and post, is presented in percent to indicate how much compressive strain can be applied to the hydrogel. Figure 1e shows the relationship between the compressive strain and N 2 chamber diameter at different applied pressures. It was observed that the compressive strains positively correlated with applied pressure and chamber diameter. The compressive strain was also affected by the thickness of the PDMS membrane (t PDMS ) ( Figure S1 ). A numerical simulation was carried out to compare the empirical results with theoretical values. The simulation data was obtained for travel distances of the top post surface with the applied pressures of 14, 28 and 42 kPa. The experimental results were in good agreement with the numerical simulation model data, with small differences attributed to variations of t PDMS during the fabrication of the bioreactors and misalignments between posts and gas pressure chambers. The bioreactor's post displacement was highly reproducible and stable over 30,000 compressive cycles (Figure 1f ; Movie S1). By changing the device parameters and applied pressure, post displacement could be accurately and reproducibly controlled from 0 to nearly 90%. Thus, the dynamic compression bioreactor could potentially be used to screen the 3D cellular behaviors over a large range of physiological and 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 7 pathophysiological strains 37, 38 . This capability could advance mechanobiological investigations in the areas of musculoskeletal tissue development, remodeling and repair [39] [40] [41] [42] .
In the following experiments, t PDMS = 450 µm with 14 kPa of the applied pressure was used, which enabled the displacement of posts from 0.15 ± 0.03 to 0.63 ± 0.12 mm when varying the diameter of the pressure chamber (5 -8 mm) . This in turn resulted in 10.5 ± 1.8 to 42 ± 8.1% compression of hydrogels located between the posts and glass.
Mechanical properties of GelMA hydrogels.
Cellular behaviors are directly regulated by the cells' microenvironment. Importantly, biomaterial mechanical properties and active mechanical stimulation have been shown to affect cellular behaviors in diverse ways 6, 7 . To screen the combinational effects of biomaterial composition and dynamic compressive strain on hMSC behaviors in 3D, three different concentrations of GelMA hydrogels (5, 7.5, and 10%, w/v) were used. To measure mechanical properties of the GelMA hydrogels, GelMAs were crosslinked, swollen in When gas pressure is applied, the PDMS membrane with post deflects upward, which uniformly compresses the hydrogel between the post and the glass slide. The applied strains 8 onto the hydrogels through the HT device were decreased (38%) than the value without hydrogel (42%), which is attributed to the presence of hydrogel and media in the chamber.
However, the strain differences related to the presence of hydrogels were less than 6% for all the conditions and there were no significant differences of the compressive strains between the HT device with and without hydrogels. Figure 2e and f show the dynamic compression responses of the patterned hydrogel upon the actuation of a post with frequency of 0.3 Hz.
The compression cycle was programmable and the displacement of the post and 3D hydrogel tightly and rapidly followed the applied gas pressure. The results indicate that the GelMA hydrogel can be used as a biomaterial for the screening of 3D cellular behaviors under repetitive dynamic compressive strains.
Numerical simulation to characterize dynamic compression of hydrogel.
Computational modeling was conducted to predict the vertical strain distribution within the hydrogel during its compression (Figure 3a ). The strain model of hydrogel compression was based on a pressure chamber diameter of 6 mm, t PDMS of 450 µm, and a gas pressure of 14 kPa. The strain distribution within the hydrogel sample showed that the compressive strain was not equally distributed throughout the hydrogel volume. The hydrogel experienced the largest strain near its bottom surface where it could freely move over the post surface, while the strain was lowest near the top of the hydrogel where it was fixed to the glass. The hydrogel's fixation to the glass prevented local lateral expansion of the hydrogel, which in turn, limited the local deformation in the vertical direction. The statistical strain distributions within 7.5% GelMA hydrogels under compressive strains were analyzed as shown in Fig. 3b and c. The simulation data indicated that the strain distribution in the hydrogel tended to follow a normal distribution for all GelMA hydrogel concentrations under compressive strains. In addition, it was found that the presence of hydrogel samples in the bioreactor only had a marginal effect on the displacement of the post. The displacement mm when GelMA hydrogels of 5, 7.5 and 10% were loaded, respectively. We observed that there were small decreases of applied strains when the hydrogels were patterned into the HT device. However, no significant differences of applied compressive strains were observed between GelMA hydrogel concentrations under the same gas pressure. Consequently, the effects of hydrogel concentration on the compressive strain during the compression were minimal due to the relatively low Young's modulus of all hydrogel compositions compared to PDMS (1 -4 MPa) and glass (50 -90 GPa) 44 . It should be noted that the computational model did not include cells embedded in the hydrogel compartment. As a result, the actual strain values may be different from the predicted distributions. However, differences are expected to be small unless the cellular density becomes extremely high, since the Young's modulus and Poisson's ratio of cells are in the same range as the properties used for the hydrogel in this study 45 .
Cell compatibility of the bioreactor and experimental set-up.
To demonstrate the feasibility of combinatorial screening of 3D hMSC behaviors, the effect of different combinations of GelMA hydrogel concentrations (5, 7.5, and 10%) and dynamic compressions (0, 10, 27 and 42%) on cell viability and spreading behavior were examined using multiple interconnected bioreactors. The screening platform's experimental set-up consisted of interconnected bioreactors, a gas pressure applying module, a media reservoir and a peristaltic pump (Figure 4a ). The screening platform was designed to continuously perfuse media from the reservoir during cell culture to supply cells with sufficient nutrients and oxygen, while simultaneously removing metabolic by-products and waste. The gas pressure module was located outside the incubator and connected to the bioreactors via tubing. Gas pressure was applied to each bioreactor 12 hours post cell seeding, and cyclic pressure was programmed by using multiple solenoid valves controlled by a 
Screening of 3D cellular behaviors using the interconnectable bioreactor.
Combinatorial screening of 3D hMSC behaviors was performed by using the developed screening platform. hMSCs were cultured for 5 days with continuous dynamic compression at a rate of 0.3 Hz (1.5 s compression and 1.5s relaxation time). hMSC spreading was affected by both hydrogel concentration and compressive strain magnitude. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 11 hydrogels (18.24 ± 4.52 µm) (Figure 5d ). Similar restrictions of cell spreading and growth in dense hydrogel networks were observed in other biomaterials including poly(ethylene glycol) (PEG)-GelMA hydrogel mixtures 46, 47 . In addition to the pore size of hydrogels, the density of cell binding sites can affect cell spreading behavior. Since GelMA hydrogels have RGD cell adhesion ligand, it is not possible to independently control hydrogel cell adhesivity and pore size when changing macromer concentration 47 . This would be possible by using GelMA with different levels of methacrylation, and future studies could be performed to determine the independent and synergistic effects of cell binding sites and hydrogel stiffness on cell behavior in this system. Not only did the polymer network of the hydrogels affected cell spreading, but dynamic compression of the hydrogels did as well. 3D reconstructed confocal images of hMSCs in 5%
GelMA hydrogels or static conditions clearly revealed that cyclical 42% strain substantially increased cell spreading (Figure 5e ). The confocal images were taken from the bottom part of hydrogel to exclude the cells near glass substrate where strains were not effectively applied.
The combinational effects of dynamic compression and hydrogel concentration on cell spreading were then investigated. For all hydrogel concentrations, cell spreading increased in response to increased dynamic compressive strain (Figure 5f and Figure S2 ). This response was strongest in the 5% GelMA hydrogel group. Similar 3D cell spreading behavior with dynamic cyclic compression mechanical stimulation was observed for NIH-3T3 fibroblasts and human mesenchymal stromal cells in previous reports 29, 30 .
Screening of osteogenic differentiation of hMSCs in 3D.
The correlation between microenvironment factors and stem cell differentiation has been actively investigated and screened for several years but mostly in 2D environments 48, 49 . 2D environments are simpler to establish, but 2D systems by their nature are not sufficient to represent or simulate the 3D cellular environments of tissues in the body 50, 51 . Moreover, 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 native tissues and cells are exposed to different external stimulations including tension, shear strain, compression, etc., which can regulate in cell and tissue functions 52, 53 . Many strategies to drive stem cell differentiation have utilized the application of external stress to simulate physiologically relevant mechanical environments present during tissue formation, repair and homeostasis [54] [55] [56] [57] , but there are limited self-contained systems with the capacity to examine the role of such mechanical signals on cell differentiation in conjunction with multiple different biomaterial compositions. Therefore, we examined osteogenic differentiation of hMSCs encapsulated in 3D GelMA hydrogels with different macromer concentrations under varied compressive stimulation regimes. As a preliminary screen, osteogenic differentiation was investigated as a function of GelMA concentration and compressive strain magnitude at day 7 ( Figure 6a ). Different strains at 0.3 Hz compressive strain was applied to the hydrogels for 3 h/day for the 7 days of culture. Similar to the cell spreading behavior ( Figure 5 ), alkaline phosphatase (ALP) activity, an early stage osteogenic marker 58 , increased with increased compressive strain in 5% GelMA hydrogel. However, there was no significant effect of compression on ALP activity in 7.5% and 10% GelMA hydrogel groups. The low ALP activities in 7.5% and 10% GelMA could be attributed to the dense pore structure and low degradability of GelMA hydrogel, which may disturb cell spreading and dynamic mechanotransduction of hMSCs 33 . Based on the ALP screening results, hMSCs encapsulated 5% GelMA hydrogels were selected as a promising condition in which the cells were responsive to compressive mechanical stimulation, and these constructs were subjected to a range of compressive strains over time (Figure 6b-e) . Runt-related transcription factor 2 (Runx2), another important gene early in the osteogenic differentiation pathway of progenitor cells, can be upregulated by stretching stimulation in 2D and 3D environments 59, 60 . Therefore, the gene expression of mechanosensitive Runx2 in hMSCs was examined at day 7.
Runx2 gene expression in the 42% strain group was significantly higher than that of the 0, 10 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13 and 27% strain groups (Figure 6b ). ALP activity of the constructs increased with increasing compressive strain magnitude at days 7 and 21. Although the average ALP activity increased over time for the stimulated groups, significant increases were found in the 27% (day 7) and 42% (days 7 and 21) compression groups (Figure 6c) . After 21 days, late markers of osteogenesis, osteocalcin (OCN), osteopontin (OPN) and calcium, stained more intensely in the 42% strain group than the 0% strain group, further confirming enhanced osteogenic differentiation (Figure 6d and e) . The OCN, OPN, and calcium staining intensities of strain 10% and 27% groups were similar to the 0% strain group (data not shown). Corroborating the Alizarin Red S staining, quantification of calcium deposition demonstrated significantly higher amounts in the 42% strain group compared to all other groups at 21 days, while there was no significant difference among the lower strain conditions. During osteogenic differentiation, there was a 36 -42 % decrease in average DNA content from day 7 to day 21 within the same groups, but there was no significant difference among the different strains ( Figure S3 ). The overall DNA content decrease may have resulted from two factors; cell wash-out and the osteogenic differentiation. Some encapsulated cells may have come out of the gels due to the movement of media within the reactor. Secondly, previous reports have found decreased cell viability with increased osteogenic differentiation, [61] [62] [63] and that could have occurred in this system. Since there was similar DNA content among the groups, compressive strain does not appear to have affected the cell viability. Overall, hMSCs encapsulated in the 5% GelMA hydrogels with 42% applied compressive strain resulted in the best osteogenic differentiation among the conditions studied. This result may suggest cells in a 3D environment can display better osteogenic differentiation when the cells receive significant compressive strains within porous hydrogels. These combinational approaches will help to find the better cellular environments that can be applied for the therapeutic bone regenerations. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14
Conclusion
We have developed an interconnectable bioreactor that can screen combinational effects of dynamic compression and hydrogel compositions on hMSCs in a high-throughput manner.
Specifically, the interconnectable characteristic of the developed bioreactor set-up enables high-throughput combinatorial screening of the role of insoluble (e.g., compressive stress, hydrogel stiffness and biochemical properties, etc.) and soluble (e.g., media composition, growth factors, etc.) microenvironmental parameters on cell behavior. As a proof-of-concept, 3D hMSC behaviors including spreading and osteogenic differentiation in different concentrations of GelMA hydrogels were screened using the developed bioreactor. When compressive strain was applied to different concentrations of GelMA hydrogels, encapsulated hMSCs were affected by dynamic compression and resulted in enhanced cell spreading and osteogenic differentiation. In the 5% GelMA group, higher magnitudes of dynamic compression significantly increased cell spreading and osteogenic differentiation. Further investigation of hMSC functions such as viability, mechanotransduction, and intercellular signaling with this screening platform will pave the way for understanding the role of biomaterial properties in concert with mechanical stimulation on cell behavior. In addition, the developed bioreactor set-up can be used to investigate other in vitro organ models, particularly mechanically active tissues such as cartilage, tendons, muscles, and blood vessels.
These in vitro organs-on-a-chip models can be further connected together through the microfluidics in a similar manner to how they are arranged in vivo, providing the potential capability to study interactions between in vivo-like tissue models. To control and monitor dynamic changes in the bioreactor culture microenvironment, the development of noninvasive, in situ sensors for O 2 level, pH, and CO 2 level would be valuable. In addition to 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   15 GelMA hydrogel, the system is compatible with a wide range of other hydrogels compositions, and it may also be used for drug screening and toxicology applications.
Experimental Section
4.1. Synthesis of GelMA: GelMA was synthesized as described previously 64 . Briefly, 10 g of type A porcine skin gelatin (Sigma) was fully dissolved into 100 mL of DPBS (Sigma) at 60 °C. 8 mL of methacrylic anhydride (Sigma) was added dropwise to the solution and stirred magnetically at 50 °C for 2 hours. The solution was then diluted with DPBS to stop the methacrylation reaction. The unreacted methacrylic anhydride and salts were removed through 7 days of dialysis in 50 °C distilled water using 12-14 kDA cut-off dialysis tubes.
The dialyzed solution was frozen at -80 °C and then lyophilized for 5 days. Lyophilized
GelMA was kept at -80 °C before use. To mechanically characterize the GelMA hydrogels, 3 different macromer concentrations (i.e., 5, 7.5 and 10% w/v) were prepared, and 1 mL of each GelMA prepolymer solution was placed on a glass plate with two 1 mm-thick spacers. The prepolymer solution was then covered with a quartz plate and crosslinked by using 25 mW/cm 2 UV light for 30 seconds.
Characterization of the
Then, the crosslinked hydrogel was punched into 10 mm-diameter disks. Compression tests were performed using a mechanical testing machine (1 kN Actuator, TestResources, Shakopee, MN, USA) equipped with a 5 N load cell, and the 30% compressive strain was applied to the hydrogels at a constant crosshead speed of 1% strain/sec (N = 4). The value of Young's modulus was calculated by measuring the first 5% of the stress-strain curve where there was a non-zero stress 65 . For the cyclic compression test, a constant crosshead speed of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 16 1% strain/sec was applied, and 10 loading/unloading cycles with 40% compressive strain were applied to the hydrogels (N = 5). Surface morphologies of the GelMA hydrogels were characterized using a field emission scanning electron microscope (Hitachi S4700; Hitachi, Tokyo, Japan). Before the SEM imaging, the hydrogel samples were freeze-dried and coated with a thin Pt layer using a SEM sputter coater for 30 seconds (a pressure of ≈ 0.3 atm with an anode current of 40 mA). 
hMSC isolation and culture:
Fabrication of dynamic compression bioreactor:
Two PMMA molds to form the PDMS N 2 pressure chamber and media chamber were obtained using a laser cutter. The mold for the N 2 pressure chamber layer composed of the inverse of cylindrical chambers with different diameters (i.e., 5, 6, and 8 mm) that were all connected via 1.5 mm wide connecting channels to enable the application of pressure from a single gas inlet. The media chamber was patterned with the inverse of a 4 × 4 array of posts (3 mm in diameter) and sidewalls. The 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 height of the sidewalls (3 mm in height) was designed to be higher than the posts (1.5 mm in height) to pattern the 3D hydrogel arrays between the posts and upper glass substrate. The media chamber dimension needed to be designed larger than the N 2 pressure chamber. The corresponding PDMS layers were fabricated by casting a 10:1 w/w mixture of PDMS base and curing agent (Sylgard 184; Dow Corning, MI, USA) onto the PMMA molds, and curing at 80 °C for 1 hour. To obtain the desired membrane thickness of the media chamber layer, multiple adhesive tapes were attached to the side of the mold as spacers with different heights.
PDMS was poured onto the PMMA mold with spacer and redundant PDMS was squeezed out from the mold using a flat PMMA substrate. The thickness of the cured PDMS could be controlled by varying the thickness of the spacer ( Figure S4 ). 230, 310, and 400 µm-thick spacers were used to obtain ~300, ~450, and ~560 µm-thick of PDMS membranes, respectively. Both layers were peeled off from the molds and plasma bonded. Upon bonding of the PDMS layers, fluidic and gas ports were cored using a needle. The PDMS structure was then plasma bonded with a TMSPMA coated glass 36 . PTFE tubes (Microbore PTFE tubing, Cole-Palmer, Veron Hills, IL, USA) were used to connect inlet and outlet ports. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 18 with different macromer concentrations were interconnected with each other and were perfused at a flow rate of 100 µL/min using a single peristaltic pump. All cell culture experiments were performed in a humidified incubator with 5% CO 2 at 37 °C. To apply cyclic compressions to crosslinked hydrogel within the bioreactor, N 2 gas pressure was supplied through the pressure inlet by using multiple solenoid valves that were controlled by a WAGO controller and a custom designed MATLAB program. N 2 was used as the working gas to operate dynamic compressive bioreactor as it has been reported in the literature to operate pneumatic actuators for microfluidic devices and bioreactors without affecting cell behaviors 29, 34 . For the cell spreading study, 0.3 Hz compressive strain was continuously applied to the hMSC encapsulated hydrogels during for 5 days of culture. For the osteogenic differentiation study, 0.3 Hz compressive strain was applied to the hydrogels for 3 h/day during the 21 days of culture. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   19 1.84 MPa and 0.49 were used for the PDMS structure 67 , and 65 GPa and 0.49 were used for the glass support. PDMS-hydrogel contact was modeled as frictionless while hydrogel -top support contact was modeled as bonded. The base of the unit, as well as the top support, was constrained as fixed, and a linearly increasing pressure up to 14 kPa was applied to the bottom surface of the PDMS membrane. The strains generated within the hydrogel sample were analyzed. To simulate the displacement of posts upon the deformation of the PDMS membrane, separate models were prepared consisting of only the PDMS structure with varying chamber diameters (5, 6, 7, and 8 mm), membrane thicknesses (300, 450, and 560 µm) and N 2 pressures (14, 28, and 42 kPa). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   21 antibodies. Slides were mounted with glycerol vinyl alcohol (Invitrogen) and imaged using an Olympus BX61VS microscope (Olympus, Tokyo, Japan).
Computational simulation:
Biochemical assay analysis:
Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR).
Cell encapsulated samples were homogenized and lysed in TRI reagent (Sigma).
Reverse transcription was performed using extracted RNA and iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) followed by quantitative RT-PCR (qRT-PCR) using primers human 3-phosphate dehydrogenase (GAPDH; forward primer 5'-GGG GCT GGC ATT GCC CTC AA-3'and reverse primer 5'-GGC TGG TGG TCC AGG GGT CT-3') and human Runx2 (forward primer 5'-ACA GAA CCA CAA GTG CGG TGC AA-3' and reverse primer 5'-TGG CTG GTA GTG ACC TGC GGA-3'). qRT-PCR was performed using Eppendorf
Mastercycler (Eppendorf, Westbury, NY, USA) and GAPDH was served as an internal control. All data were analyzed using the 2 -∆∆Ct method.
Statistical Analysis:
All quantitative data is expressed as mean ± standard deviation. Statistical analysis was performed with one-way analysis of variance (ANOVA) with Tukey significant difference post hoc test using Origin software (OriginLab Co., Northampton, MA, USA). A value of p < 0.05 was considered statistically significant.
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